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FMDV infectionPicornavirus RNAs initiate translation using an internal ribosome entry site (IRES)-dependent mechanism.
The IRES element of foot-and-mouth disease virus (FMDV) is organized in domains, being different from
each other in RNA structure and RNA–protein interaction. Wild-type transcripts provided in trans rescue
defective FMDV IRES mutants. Complementation, however, was partial since translation efﬁciency of the
mutant RNAs was up to 10% of the wild type IRES. We report here that mutations diminishing the RNA–RNA
interaction capacity induced a decrease in IRES rescue. On the other hand, IRES transcripts bearing mutations
that reorganize the RNA structure of the apical region of central domain, although weakly, complement
defective IRES that are unable to interact with the initiation factor eIF4G in a separate domain. Together,
these results suggest that IRES rescue may involve RNA-mediated contacts between defective elements, each
carrying a defect in a separate domain but having the complementing one with the appropriate structural
orientation and/or ribonucleoprotein composition. Our observations further support the essential role of the
central domain of the FMDV IRES during protein synthesis and demonstrate that there is a division of
functions between the IRES domains.
© 2009 Elsevier Inc. All rights reserved.IntroductionThe Picornaviridae family includes a group of pathogens that are
the causative agents of important diseases worldwide. Foot-and-
mouth disease virus (FMDV), the prototypic member of the
aphthovirus genus of this family, is the etiological agent of a
devastating disease of livestock (Sobrino et al., 2001). The viral
particle is composed of a protein capsid that contains an infectious
positive-sense RNA genome. The viral RNA encodes a single
polyprotein, which is processed in infected cells yielding various
polypeptide precursors and the mature viral proteins (Belsham and
Martinez-Salas, 2004).
Noncoding regions ﬂanking both ends of the viral RNA contain
speciﬁc structural elements involved in the control of translation and
replication of the FMDV genome (Fernandez-Miragall et al., 2009; Saiz
et al., 2001). Translation initiation of all picornavirus RNAs is
controlled by an internal ribosome entry site (IRES) element located
in the long 5′ untranslated region of the viral RNA (Belsham, 2009;
Martinez-Salas et al., 2008; Semler and Waterman, 2008). Translation
of the viral genome is the ﬁrst intracellular step of the picornavirus
infection cycle, and thus, the effectiveness of infection is dependent on
the correct function of the IRES. Therefore, the IRES region constituteslar Severo Ochoa, CSIC-UAM,
ax: +34 911964420.
-Salas).
ll rights reserved.a target for antiviral drugs aimed at blocking the virus life cycle
(Gutierrez et al., 1994; Vagnozzi et al., 2007) as well as being a
determinant of viral pathogenesis.
The FMDV IRES encompasses about 450 nt organized in domains,
termed 1 to 5 (Fig. 1). For activity this element requires the translation
initiation factors eIF4G, eIF4A, eIF3, eIF2 and other IRES-transacting
factors (Andreev et al., 2007, Martinez-Salas et al., 2008). However, it
has been shown that the region responsible for interaction with eIFs
alone does not constitute an IRES element (Fernandez-Miragall et al.,
2009). In addition, FMDV IRES function depends on its structural
organization (Fernandez-Miragall and Martinez-Salas, 2003; Marti-
nez-Salas, 2008). These observations strongly suggest that the entire
IRES region works as a single entity to achieve internal initiation.
The distal domains within the FMDV IRES structure are involved
in interactions with host factors including, among other proteins, the
translation initiation factor eIF4G (Lopez de Quinto et al., 2001;
Lopez de Quinto and Martinez-Salas, 2000; Pacheco et al., 2009;
Pilipenko et al., 2000; Stassinopoulos and Belsham, 2001). In support
of the relevance of the interaction of eIF4G with the FMDV IRES,
substitutions of nucleotides 309–313 and 411–412 which disrupt the
stem structure of domain 4 or alter the sequence of the A-bulge in
this IRES region (Fig. 1) impair eIF4G binding and, concomitantly,
abolish IRES activity (Lopez de Quinto and Martinez-Salas, 2000).
The role performed by the central domain of the FMDV IRES that
occupies a signiﬁcant portion of its entire sequence still remains
elusive. Just a few interactions with host factors have been identiﬁed
Fig. 1. RNA structure organization of the FMDV IRES. RNA structure is depicted according to Fernandez-Miragall et al. (2009). Nucleotides encompassing the IRES domains referred to
in the text, as well as the conserved motifs and the binding site of eIF4G, are indicated.
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number of factors identiﬁed as binding to the 3′end region of the
IRES (Pacheco et al., 2008). A distinctive feature of the central
domain (termed 3, Fig. 1) is a cruciform structure at its tip
(Fernandez-Miragall and Martinez-Salas, 2003). This region contains
two conserved motifs, GNRA and RAAA (N stands for any nucleotide;
and R, purine) as deﬁned by mutational analysis, that do not tolerate
nucleotide substitutions (Lopez de Quinto and Martinez-Salas, 1997).
A single nucleotide substitution of GUAA to GUAG in the GNRA motif
induces about 90% reduction of IRES activity. Furthermore, substitu-
tions of GUAA to UGCG, replacing the GNRA motif by a UNCG
tetraloop, were not compatible with IRES activity either (Fernandez-
Miragall and Martinez-Salas, 2003). A similar reduction of activity is
induced by nucleotide substitutions of GAAAA to CGCCC in the RAAA
motif. The proximal region of this domain termed stem 3 is orga-
nized as a base-paired structure interrupted with bulges (Fig. 1). This
region includes several non-canonical base pairings (Fernandez-
Miragall et al., 2009) and a helical structure that is speciﬁcally
required for IRES activity (Martinez-Salas et al., 1996). The central
domain has been suggested to play a regulatory role during internal
initiation, in which the proximal region serves as a ﬂagpole that
holds the apical region in a conformation appropriate for its
recognition by the translation machinery (Martinez-Salas, 2008).
We have previously shown the capacity of the FMDV IRES domains
to form strand-speciﬁc RNA–RNA interactions in vitro (Ramos and
Martinez-Salas, 1999). The efﬁciency of these interactions was
dependent on the RNA concentration, the presence of divalent ionsand the temperature of binding. In addition, RNA–RNA interactions
were dependent on the speciﬁc IRES region encompassed by the
transcript used as probe. For instance, the hairpin that contains the
GNRAmotif was able to form RNA complexes only with domain 3, but
it did not interact with the distal domains (Fernandez-Miragall et al.,
2006). The formation of RNA–RNA interactions dependent on domain
3 of the FMDV IRES is likely due to two types of motifs. The ﬁrst one
concerns tertiary interactions mediated by the conserved GNRA motif
located in the apical region of the central domain (Fernandez-Miragall
et al., 2009). The second one concerns the stem structure located at
the proximal region of this domain, which self-interacts very
efﬁciently (Ramos and Martinez-Salas, 1999).
The ability of the FMDV IRES element to generate RNA–RNA
complexes in vitro suggested potential intermolecular RNA interac-
tions with other viral RNAs present in the cell cytoplasm, which could
lead to trans-complementation effects, and thus, act to enhance the
activity of defective IRES variants. In order to test this possibility, we
used various constructs expressing FMDV IRES transcripts to rescue
defective IRES elements in transfected cells. Picornavirus IRES
elements are amenable to trans-complementation (Drew and Bel-
sham, 1994; Stone et al., 1993; Van Der Velden et al., 1995). Previous
studies using defective encephalomyocarditis virus (EMCV) IRES
showed that this event requires the expression of the positive sense
RNA and that it is independent of RNA recombination (Roberts and
Belsham, 1997).
Complementation in trans is typically applied to the study of
protein function. However, it may also help to underscore nucleic acid
Fig. 2. (A) Schematic representation of transcripts expressed from plasmids used in this study. The complementing RNAs, expressed from pGEM vectors under the control of the T7
promoter, are depicted on the top panel. Black bars are used for FMDV IRES transcripts and white bar for HCV IRES. FMDV IRES transcripts carrying mutations GUAG181 and E2117–120
are described in the text. The bottom panel depicts four defective bicistronic constructs (4G-binding312–313, IRES GUAG181, and IRES CGCCC199–203) encoding RNA of the form CAT-
IRES-luciferase used in the rescue assay. See Fig. 1 for nucleotide numbering and distribution of domains 1–2, 3, stem 3 and 4–5. (B) Rescue of IRES activity as a function of the
concentration of the plasmid expressing the complementing RNA. Different amounts of the plasmid expressing exclusively the wild type IRES transcript, ranging between 0 and
100 ng/2×104 cells were cotransfected with the bicistronic construct FMDV IRES 4G-binding312–313, which expresses a mutant RNA that is defective in eIF4G binding (squares)
(Lopez de Quinto and Martinez-Salas, 2000). IRES activity rescue was calculated as the % of luciferase/CAT activity, normalized to the value obtained for the bicistronic construct
carrying the wild type IRES, transfected in parallel. The control rescue assay was conducted using pGEM3 empty vector to provide same amount of plasmid DNA in the transfection
mixture (circles). Assays were done always in triplicate M24wells, performed at least in two independent experiments. Error bars correspond to the standard deviation of the mean.
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as well as the involvement of the discrete IRES domains in RNA–
protein interaction has received much attention in recent years
(Fernandez-Miragall et al., 2009; Pacheco et al., 2008), providing the
rational basis for interpretation of complementation studies. We show
here that not only the wild type IRES sequence but also defective IRES
variants were able to rescue, although weakly, other defective IRES
elements affected in the interaction with eIF4G. However, mutants
with a diminished RNA–RNA interaction capacity exhibited a
decreased efﬁciency to rescue IRES activity. Thus, IRES complementa-
tion reveals the essential role played by individual domains duringinternal initiation of translation, and demonstrates a distribution of
functions performed by each structural domain.
Results
Internal initiation defects owing to lack of eIF4G interaction are rescued
by IRES transcripts expressed in trans
We have used various constructs expressing the FMDV IRES to
determine their capacity to rescue the activity of severely defective
IRES variants driving translation of a reporter cistron in transfected
Fig. 3. Rescue of IRES activity by the full length FMDV IRES transcript. (A) RNA structure reorganization of GUAG or CGCCC IRES mutants, according to RNA probing analysis
(Fernandez-Miragall and Martinez-Salas, 2003, Fernandez-Miragall et al., 2006). (B) Bicistronic plasmids (25 ng/2×104 cells), carrying defects in RNA structure of domain 3 (GUAG
and CGCCC) or in eIF4G binding, were cotransfected with the plasmid expressing the wild type IRES sequence (12.5 ng/2×104 cells). IRES activity rescue was calculated as in Fig. 2B.
The empty vector, pGEM3, was used in the negative control to supplement the amount of DNA in the transfection (white bars) and the plasmid expressing the HCV IRES was used to
test the sequence speciﬁcity required for complementation (gray bars).
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plasmids, one expressing the defective IRES within a bicistronic RNA
and the second one, expressing solely the complementing IRES
transcript. The empty vector pGEM3 was used to supplement the
defective IRES construct when necessary to provide equal amounts of
plasmid DNA being present in the transfection mixture. IRES activity
was quantiﬁed as the expression of luciferase (IRES-dependent)
normalized to that of chloramphenicol acetyl transferase (CAT) (cap-
dependent) and then, made relative to the value obtained for the wild
type bicistronic construct, cotransfected with the empty vector. First, a
concentration range of the complementing plasmid was tested to set
up the optimal conditions to rescue IRES activity of a severely
defective IRES mutant bearing nucleotide substitutions A312–A313 to
GC (Fig. 1), which abolished binding to eIF4G and inhibited IRES
activity (Lopez de Quinto and Martinez-Salas, 2000). Relative to the
efﬁciency of protein synthesis displayed by the mutant bicistronic
construct cotransfected with the empty vector (0.14% of the wild type
activity), translation activity observed following coexpression of the
wild type transcript increased up to 50-fold, reaching levels that were
about 10% of the wild type IRES values (Fig. 2B). This result indicated
that this process, although partial, reconstitutes the IRES function.It is worth noting that none of the plasmids expressing the various
complementing RNAs (the full length IRES sequence or its individual
domains, 2, 3, 4 in either, wild type or mutated version) used
throughout this report interfered with the activity of the wild type
FMDV IRES (data not shown). Therefore, the conditions used to
measure IRES rescue are optimal to detect complementation, without
side effects due to sequestration of factors by overexpression of the
complementing RNA.
RNA structure defects disrupting distant interactions in domain 3 can be
complemented in trans by the wild type IRES transcript
As aforementioned, speciﬁc RNA structural motifs that mediate
the local structure of the central domain of the FMDV IRES are
responsible for the efﬁciency of internal initiation (Fernandez-
Miragall and Martinez-Salas, 2003). To asses whether defects
altering the RNA structural organization of the FMDV IRES can be
rescued in trans, we measured the ability of a wild type IRES to
complement the activity of defective IRES variants carrying nucleo-
tide substitutions in conserved motifs of the apical region of domain
3. Thus, we made use of mutations affecting the GNRA motif (GUAA
Fig. 4. Rescue of IRES activity by transcripts encompassing the central domain of the
FMDV IRES alone. Defective FMDV IRES expressed from bicistronic plasmids (25 ng/
2×104 cells) carrying substitutions in the GNRA motif (GUAG, UGCG), or the RAAA
motif (CGCCC) were cotransfected with the plasmid (12.5 ng/2×104 cells) expressing
the wild type IRES sequence (black bars), the domain 3 (gray bars), the stem 3 region
(striped bars), or the domains 1–2 (dotted bars). IRES activity rescue was calculated as
in Fig. 2B.
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impair IRES activity reducing it to 0.5–1% of the wild type activity
(Lopez de Quinto and Martinez-Salas, 1997) concomitant with a local
RNA structure reorganization of this region (Fig. 3A), as determined
by RNA probing (Fernandez-Miragall and Martinez-Salas, 2003).
Thus, the IRES mutant GUAG (carrying a single substitution, A181 to G
within the GNRA motif), within a bicistronic construct was
cotransfected with a plasmid expressing solely the wild type FMDV
IRES sequence. The empty vector, pGEM3, was used to supplement
the amount of DNA in the transfection control without any
complementing IRES construct. As shown in Fig. 3B, a signiﬁcant
increase (N10-fold) in IRES activity was observed relative to that
measured with the empty vector. A similar result was obtained with
the mutant bearing substitutions in A199AAAG203 to CGCCC within
the RAAA conserved motif (Fig. 3B), indicating that RNA structure
defects in the apical region of domain 3 can be complemented in
trans by the wild type IRES transcript.
Under these conditions, lack of IRES activity owing to defects in
interaction with the translation initiation factor eIF4G in a mutant of
domain 4 carrying a double substitution, A312–A313 to GC) (Lopez de
Quinto and Martinez-Salas, 2000) was also amenable to trans-
complementation by the wild type IRES transcript (Figs. 2B and 3B).
To determine the speciﬁcity of the complementation, we carried
out a parallel assay with the hepatitis C virus (HCV) IRES, an RNA that
is also efﬁcient in driving internal initiation of translation under the
same conditions used for FMDV IRES (Saiz et al., 1999), but it differs
from the latter in primary sequence, secondary RNA structure and
requirement of initiation factors (Lukavsky, 2009; Martinez-Salas
et al., 2008). Relative to the values obtained with the empty vector, no
increase in IRES activity was observed either in the GUAG, the CGCCC
or the eIF4G-binding defective IRES elements (Fig. 3B). Therefore, a
homologous IRES sequence is required to rescue the activity of the
defective element. This result is in full agreement with the lack of
EMCV IRES complementation by other picornavirus IRES elements
(Roberts and Belsham, 1997).The wild type domain 3 transcript is sufﬁcient to complement RNA
structure defects residing within this IRES region
Next, to test if the entire IRES sequence was needed in trans to
exert positive complementation effects, we used a transcript expres-
sing solely the sequences corresponding to the central domain
(D3wt). In comparison to the empty vector, 4 to 10-fold stimulation
of IRES activity was observed in two different bicistronic constructs
carrying mutations in the GNRA motif, GUAG and UGCG (Fig. 4). The
rescued activity of these defective elements reached values of 2.7 and
8.3% of the wild type IRES, respectively. As above, similar results were
observed with the CGCCC defective IRES mutant. This result demon-
strated that the wild type domain 3 transcript is sufﬁcient to
complement defects arising within this region of the IRES.
In contrast, the cotransfection of a transcript termed stem 3, cor-
responding exclusively to the proximal region of this domain (Figs. 1
and 2A), did not modify the background IRES activity observed in each
defective mutant (Fig. 4). Similarly, co-expression of a transcript cor-
responding to domains 1–2 (D 1–2) failed to rescue the defective IRES.
Thus, in order to rescue IRES activity, the complementing RNA should
provide in trans the entire domain corresponding to themutated one in
the defective IRES, with the proper structural organization.
Defects in RNA–RNA interaction within domain 3 can affect the efﬁciency
of IRES trans-complementation
Complementation in trans of defective IRES elements may be due
to various types of interactions. To get some insights into the inﬂuence
of RNA–RNA interactions on the complementation efﬁciency we
prepared an IRES construct (termed E2) carrying nucleotide substitu-
tions in the proximal part of the domain 3 that destabilized the base-
paired structure of this region (Fig. 5A) and had a diminished RNA–
RNA interaction capacity with domain 3 transcript (Fig. 5B). This
mutant, that is only 10-fold less active than the wild type IRES
(Fig. 5C), exhibited a reduction in the capacity to complement the
defective IRES mutants, GUAG and CGCCC, in comparison to the wild
type IRES (a decrease from 11-fold to 2.6-fold in the IRES activity
rescue was observed). Thus, defects in RNA–RNA interaction within
domain 3 can affect the efﬁciency of IRES trans-complementation.
Of interest, we noticed that the E2 mutant rescued the activity of
the eIF4G-binding defective IRES (Fig. 5C). Relative to the efﬁciency of
protein synthesis displayed by the mutant bicistronic construct
cotransfected with the empty vector, a 12.8-fold increase was
observed in the presence of the E2 IRES, whereas the wild type IRES
induced a 43-fold increase. These results suggested that a partial
defective IRES element with perturbation in the RNA structure of the
central domain can complement, althoughmore weakly than the wild
type IRES, defects residing in domain 4 which are involved in the
engagement of eIFs essential for IRES function.
Defects caused by impairment of IRES interactions with essential
translation components can be complemented in trans by transcripts
with defects in other IRES regions
To test the possibility that the complementing RNA is facilitating,
or substituting, the defective one in performingmolecular interactions
with the components of the translation machinery, we tried to rescue
the activity of IRESmutants unable to interact with eIF4Gwith the also
highly defective GUAG IRES, affected in the RNA structure of the
central domain but retaining the capacity to interact with eIF4G
(Fernandez-Miragall and Martinez-Salas, 2003). The rescue of IRES
activity was weaker than that observed with the wild type IRES, but
clearly above the background observed with the empty vector as well
as that seenwith the HCV IRES (Fig. 3B), and reached values similar to
those rescued by the E2 IRES variant. An increase in IRES activity of
about 10-fold was observed relative to the value obtained for the IRES
Fig. 5. (A) RNA structure of the E2 IRES mutant determined by RNA probing. Residues exposed to attack by dimethyl sulfate (DMS) or to ribonuclease T1 within the modiﬁed region
are shown. (B) RNA–RNA interaction of domain 3 with IRES regions. The indicated unlabeled transcript was incubated with either D3-wt or D3-E2 probe (12.5 nM) in binding buffer
containing 1mMMgCl2. Complexes were fractionated in 6% native gels in TBM buffer. For quantitative analysis of D3 self-interaction, the amount of retarded probewas normalized to
the intensity of the entire lane.White bars correspond to the intensity of the free probe, and gray bars to the intensity of the retarded probe using two concentrations of the unlabeled
domain 3 (light gray, 200 nM, dark gray 400 nM). (C) Rescue of IRES activity by transcripts encompassing the FMDV IRES with a reorganized stem 3 structure. The mutant bicistronic
plasmid (25 ng/2×104 cells) carrying substitutions in the GNRAmotif (GUAG), or the RAAAmotif (CGCCC), or in domain 4 (4G-binding) was cotransfected with a plasmid (12.5 ng/
2×104 cells) expressing the entire wild type IRES element (wt, black bars) or the mutant with a reorganized structure in the stem 3 region (E2, striped bars). IRES activity rescuewas
calculated as in Fig. 2B.
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defects caused by the impairment of IRES interactions with essential
translation factors can be complemented in trans by IRES transcripts
with defects in other regions. This result demonstrates a division of
functions between the FMDV IRES domains.
Discussion
The RNA structure of viral IRES elements plays a crucial role in
internal initiation of translation (Lukavsky, 2009; Martinez-Salas,
2008). From the structural point of view, it is well established thatdistant interactions mediate RNA tertiary contacts strictly required for
dicistrovirus IRES activity (Jan, 2006; Kieft, 2009; Nakashima and
Uchiumi, 2009). In picornavirus IRES elements it has been long known
that structural domains are engaged in RNA–protein interactions
necessary for IRES activity (Jang and Wimmer, 1990; Kolupaeva et al.,
1998; Lopez de Quinto andMartinez-Salas, 2000; Luz and Beck, 1991).
However, at least in the FMDV IRES, interaction with eIFs is necessary
but not sufﬁcient to achieve IRES activity (Fernandez-Miragall et al.,
2009). Accordingly, it has been suggested that picornavirus IRES
elements have a modular organization with a speciﬁc distribution of
functions. In this hypothetical model the different domains of the IRES
Fig. 6. Rescue of the IRES mutant impaired in eIF4G binding by other defective elements
with altered RNA structure within domain 3. The mutant bicistronic plasmid (25 ng/
2×104 cells) carrying substitutions AA312–313 to GC in domain 4 that abolished
interaction with eIF4G was cotransfected with a plasmid (12.5 ng/2×104 cells)
expressing the wild type IRES element (black bars) or mutants harboring either a
substitution in the GNRA motif (GUAG, striped bars), or the stem 3 reorganized
structure (E2, gray bars). IRES activity rescue was calculated as in Fig. 2B.
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internal initiation of protein synthesis. If this model proves to be true,
it remains possible that some of these functions could be performed in
trans by IRES transcripts.
To date, the precise role played by domain 3 during internal
initiation is still poorly understood. Here we have used a comple-
mentation assay to further assess the relevance of the central domain
in FMDV IRES activity. This domain has been described to self-interact
via RNA–RNA interactions in a very efﬁcient manner, and although
more weakly, to form long-range RNA–RNA complex with the distal
domains 1–2 and 4–5 (Ramos andMartinez-Salas,1999). In addition, a
tertiary structural motif that resides in the apical region of this
domain, and is an integral part of the IRES function, mediates distant
RNA–RNA bridges within the central domain (Fernandez-Miragall and
Martinez-Salas, 2003; Fernandez-Miragall et al., 2006; Serrano et al.,
2007). The interactions observed in vitro between IRES domains, or its
subdomains, could provide the basis to explain the ability of these
RNAs to complement defective IRES elements in vivo, presumably by
generating a physical link between the defective IRES and the
translation machinery engaged by the active one.
We report here that the entire FMDV IRES transcript is able to
complement severely defective molecules which display between 0.5
and 1% of the wild type IRES activity, and are affected in the RNA
organization of the apical region of the central domain. Rescue of IRES
activity was partial, reaching about 10% of the wild type IRES
efﬁciency. The relatively low levels of IRES rescue may be due to the
absence of selection during the rescue assay. No complementationwas
observed with the unrelated but also efﬁcient HCV IRES, demonstrat-
ing that IRES rescue was strictly dependent on the expression of
homologous IRES transcript.
Although with lower efﬁciency than the entire IRES, the transcript
encompassing the wild type domain 3 alone can also complement
defects of the central domain. However, neither the proximal region of
this domain (stem 3) nor domains 1–2 were able to rescue defective
IRES mutants. Additionally, and in support of the implications of RNA-
mediated contacts in the rescue of IRES activity, we have found that amutation affecting the capacity of the IRES to mediate RNA–RNA
interactions caused a decrease in the rescue of defective IRES.
Therefore, the capacity of domain 3 to promote RNA–RNA interactions
in vitro is necessary but not sufﬁcient to confer the complementation
property to the FMDV IRES in transfected cells. Instead, a correct RNA
structure in this region in necessary to mediate complementation in
trans.
The FMDV IRES element affected in its capacity to interact with the
essential translation initiation factor eIF4Gwas also complemented by
the wild type IRES transcript. Remarkably, and although more weakly
than the wild type IRES, we show here that the eIF4G-binding
defective IRES could be complemented by the also defective GUAG
IRES transcript. This event could arise as the consequence of RNA-
mediated contacts between defective molecules, each carrying a
defect in a separate domain but having the complementing domain
with the right structural orientation and/or with the appropriate
ribonucleoprotein composition.
Our work conﬁrms and extends previous studies that showed that
truncated regions of the EMCV IRES were able to complement
defective IRES elements as far as the complementing transcript
contained at least the altered domain (Roberts and Belsham, 1997).
Despite the similar property of EMCV and FMDV RNAs, IRES
complementation in trans is not a general property of IRES elements.
For instance, mutant HCV IRES elements, ranging from 0.4 to 95.8% of
the activity of the prototype HCV IRES, could not be complemented in
trans by a wild-type HCV IRES element (Tang et al., 1999). This
behavior may reﬂect important differences in the mechanism driving
internal initiation by this unrelated IRES element.
HCV and picornavirus IRES elements differ in primary sequence,
secondary RNA structure and IRES-transacting factors requirement.
Hepatitis C virus, an RNA virus belonging to the Flaviviridae family,
initiates translation of its genomic RNA internally (Lukavsky, 2009).
The HCV IRES spans 340 bases within the 5′UTR and its activity
depends on its structural organization (Honda et al., 1996), being the
entire HCV IRES needed for activity (Otto and Puglisi, 2004). Assembly
of 48S complexes in vitro depends on the interaction with eIF3 and
eIF2, but not eIF4G (Pestova et al., 1998). Thus, the HCV IRES is
signiﬁcantly shorter than the picornavirus counterparts, it requires
less host cell factors for 48S complex assembly, and its RNA structure
has no apparent conservation with the FMDV IRES.
Taken together, our results show that defects caused by impair-
ment of IRES interactions with essential translation components can
be complemented in trans by IRES transcripts with defects in other
regions, therefore, evidencing a division of functions between the
FMDV IRES domains. The complementation ability of the FMDV IRES
shown here may have important consequences for virus viability.
Materials and methods
Constructs
pGEM-based clones containing the full-length FMDV IRES
sequence or the different domains have been previously described
(Lopez de Quinto et al., 2001; Ramos and Martinez-Salas, 1999).
Nucleotide substitutions in conserved motifs of the FMDV IRES were
described (Fernandez-Miragall and Martinez-Salas, 2003; Lopez de
Quinto and Martinez-Salas, 1997). The HCV IRES construct was
previously described (Lafuente et al., 2002).
The construct E2, bearing nucleotide substitutions in the stem of
domain 3, was generated by PCR using oligonucleotides 5′-
CAGTGCTGTTACTCGGGTCGCCATGG-3 (antisense) and 5′-CGAT-
GAGTGGCAGGGCGGGGGC-3′ (sense) using as template the plasmid
pBIC (Martinez-Salas et al., 1993). This PCR product was used in a
second PCR reaction with the primer 5′GGCCTTTCTTTATGTTTTT-
GGCG-3′ to obtain the full-length FMDV IRES sequence, as described
(Martinez-Salas et al., 1996).
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Conﬂuent BHK-21 cell monolayers grown in 24-well dishes were
transfected with the indicated plasmids, using the T7 RNA polymerase
expression system as described (Martinez-Salas et al., 1993). For IRES
rescue assays, BHK-21 cells were transfected with two plasmids, one
expressing the defective IRES within a bicistronic RNA of the form
CAT-IRES-luciferase and the second one, expressing solely the
complementing IRES transcript (Fig. 2A). IRES activity was quantiﬁed
as the expression of luciferase (IRES-dependent) normalized to that of
chloramphenicol acetyl transferase (CAT) (cap-dependent) and then,
made relative to the value obtained for the wild type bicistronic
construct, supplemented with the empty vector. The amount of
plasmid DNA expressing the complementing RNA (encompassing
exclusively the IRES region) was varied between 3.25 and 50 ng/
2×104 cells, using 25 ng/2×104 cells of the plasmid expressing the
defective bicistronic RNA. Appropriate amounts of the empty vector
pGEM3 were used to supplement the transfection mixture to provide
equal amounts of plasmid DNA. Cell extracts were prepared 20 h post
transfection, and the activity of CAT and luciferase was determined
(Lopez de Quinto et al., 2002). The ratio of Luc/CAT obtained in each
extract was normalized to the value obtained in the transfection with
the plasmid expressing the wild type IRES, pBIC, set to 100%. The
rescued IRES activity reached a plateau above 12.5 ng/2×104 cells of
the complementing IRES construct, being similar between 20 and
100 ng. Thus, assays were carried out with 12.5 ng/2×104 cells, unless
otherwise stated.
In vitro transcription, gel shift, and RNA probing assays
Prior to RNA synthesis, plasmids were linearized using XhoI to
generate the IRES transcript, and SmaI for D3 and stem 3 transcripts.
D1-2 and D4-5 transcripts were obtained from HindIII or XhoI
linearized templates. Transcription was performed for 1 h at 37 °C
using 50 U of T7 RNA polymerase in the presence of 0.5 to 1 μg of
linearized DNA template, 50 mM DTT, 0.5 mM rNTPs and 20 U of
RNasin. When needed, RNA transcripts were uniformly labeled using
[α32P]CTP (400 Ci/mmol) as described (Serrano et al., 2007).
For RNA–RNA interactions, uniformly 32P-labeled transcripts
(12.5 nM) were incubated independently at 95 °C for 3 min,
transferred to ice, and then mixed with the indicated unlabeled RNA
(200–400 nM) denatured as above, in 50 mM sodium cacodylate pH
7.5, 300 mM KCl, 1 mM MgCl2 (Serrano et al., 2006). The antisense
version of the domains 1–2 (1–2 as), was used as a negative control.
RNA–RNA complexes were allowed to form for 30 min at 37 °C and
immediately analyzed by electrophoresis in native polyacrylamide
gels supplemented with 2.5 mM MgCl2. Electrophoresis was
performed at 4 °C for 33 min at 180 V in TBM buffer (45 mM Tris,
pH 8.3, 43 mM boric acid, 0.1 mMMgCl2) (Ramos and Martinez-Salas,
1999). Dried gels were exposed for autoradiography and to a
phosphorimager plate to quantify the intensity of the retarded bands.
RNA structure probing was performed using dimethyl sulfate
(DMS) and ribonuclease T1 as described in (Brunel and Romby,
2000; Fernandez-Miragall and Martinez-Salas, 2007). For primer
extension, RNA was denatured by heating for 3 min at 95 °C.
Annealing and extension of the labeled antisense primer was carried
out in 15 μl of reverse transcriptase (RT) buffer (20 mM Tris–HCl (pH
7.5), 15 mM MgCl2, 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.01%
(v/v) NP-40, 50% (v/v) glycerol in the presence of 100 U of
SuperScript II RT and 1 mM each dNTPs for 1 h at 45 °C. Newly
synthesized cDNA products were analyzed in denaturing 6%
acrylamide, 7 M urea gels (Fernandez-Miragall et al., 2006). A
sequence ladder, prepared with the 5′-labeled antisense oligonucleo-
tide used for primer extension, was loaded in parallel to identify the
RT-extension products. The modiﬁed nucleotides were identiﬁed as
the base preceding one position the RT-stop.Acknowledgments
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